Non-alcoholic fatty liver disease (NAFLD) is characterized by the aberrant accumulation of triglycerides in hepatocytes in the absence of significant alcohol consumption, viral infection or other specific causes of liver disease. NAFLD has become a burgeoning health problem both worldwide and in China, but its pathogenesis remains poorly understood. Farnesoid X receptor (FXR), a member of the nuclear receptor (NR) superfamily, has been demonstrated to be the primary sensor for endogenous bile acids, and play a crucial role in hepatic triglyceride homeostasis. Deciphering the synergistic contributions of FXR to triglyceride metabolism is critical for discovering therapeutic agents in the treatment of NAFLD and hypertriglyceridemia.
Introduction
Non-alcoholic fatty liver disease (NAFLD) is characterized by the aberrant accumulation of triglycerides (TGs) in hepatocytes in the absence of significant alcohol consumption, viral infection, or other specific causes of liver disease. NAFLD currently affects 30% of Western individuals and 15% of the Chinese population [1, 2] . The disease comprises a spectrum of hepatic histological abnormalities, ranging from simple steatosis to steatohepatitis and cirrhosis, and may even progress to hepatocellular carcinoma. In addition, NAFLD is strongly associated with several cardiometabolic abnormalities, including type 2 diabetes mellitus (T2DM) and coronary heart disease [3, 4] . For instance, our previous study found that NAFLD was associated with atherosclerosis in middle-aged and elderly Chinese individuals, independent of conventional cardiovascular disease risk factors or metabolic syndrome [5] . The hallmark of NAFLD is intrahepatic TG accumulation, which results from an imbalance between the hepatic TG input and output. In the liver, TGs are primarily synthesized from two sources. (1) De novo lipogenesis (DNL), which is a complex process involving multiple metabolic reactions that begin with acetyl-coenzyme A (CoA). The rate of this process is tightly regulated by several nuclear transcription factors, such as sterol regulatory element binding protein 1c (SREBP-1c). SREBP-1c promotes DNL via binding to the promoter regions of lipogenic enzyme genes and enhancing their transcription. (2) Fatty acid (FA) uptake. FAs derived from the lipolysis of adipose tissues are released into the circulation and then transported to the liver by the hepatic artery and portal vein. Membrane proteins such as fatty acid transporter proteins (FATPs) direct the FA traffic from the circulation to the liver. Additionally, FAs in the liver have two main fates. (1) β-Oxidation, in which FAs can be oxidized in the mitochondria to produce ketone bodies, which are exported to provide fuel for other tissues. (2) Very low-density lipoprotein (VLDL) export, in which TGs can be assembled with a newly synthesized apoprotein B-100 (apoB-100) and secreted into the systemic circulation as a constituent of VLDLs [6] . Liver steatosis occurs when the TG homeostasis is disrupted due to an increase in DNL and FA uptake and a reduction in FA oxidation and VLDL export. However, the molecular mechanisms involved in the development of NAFLD remain poorly elucidated. [7] . Subsequent studies have demonstrated that specific bile acids (BAs), such as chenodeoxycholic acid (CDCA) and cholic acid (CA), are endogenous ligands for FXR [9] [10] [11] . There are two FXR genes: FXRα and FXRβ. FXRβ is a pseudogene in humans, although it serves as a lanosterol sensor and encodes a functional protein in rodents, rabbits and dogs [12] . Expressed from a single gene locus, FXRα encodes four isoforms (FXRα1, FXRα2, FXRα3, FXRα4) that result from two distinct promoters that initiate transcription from either exon 1 or exon 3 or the alternative RNA splicing of exon 5 [13, 14] . Although the four FXRα isoforms are expressed in a tissue-specific manner, the majority of the FXR target genes are regulated in an isoform-independent manner.
As a member of the NR superfamily, FXR shares a common architecture with other metabolic NRs: it is composed of an N-terminal ligand-independent activation function 1 (AF1) domain, a highly conserved DNA binding domain (DBD) that is connected by a flexible hinge region to a moderately conserved ligand binding domain (LBD), and a C-terminal liganddependent activation function 2 (AF2) domain [15] . FXR can form an obligate heterodimer with retinoid X receptor (RXR); therefore, it can be activated by both FXR and RXR ligands, such as BAs and 9-cis retinoic acid. In the absence of BAs, the FXR-RXR heterodimer binds to FXR response elements (FXREs) in the promoters of FXR target genes and in association with co-repressors, such as nuclear receptor co-repressor (NCoR), and silencing mediators for retinoic acid and thyroid hormone receptor (SMRT). Upon ligand binding, the corepressors are released and co-activators are recruited, resulting in gene transcription. The FXREs contain inverted repeats of 2 AGGTCA half sites separated by one nucleotide (IR1) [8, 16] , although other variations have also been reported.
FXR in hepatic triglyceride metabolism
The relationship between BAs and TG metabolism was identified in the 1970s. The first evidence came from the observation that the administration of BAs, such as CDCA for the treatment of gallstones, resulted in decreased circulating TG levels [17] [18] [19] ; conversely, patients treated with BA-sequestering resins were found to have increased serum TG and VLDL levels [17, 20, 21] . Moreover, patients with monogenic familial hypertriglyceridemia displayed a defect in ileal BA absorption [17] , whereas individuals with decreased BA synthesis due to a CYP7A1 deficiency exhibited elevated serum TG concentrations [22] . These clinical observations suggest a direct relationship between BAs and TG metabolism. The importance of FXR in TG metabolism was further confirmed in FXR-deficient mice, which exhibited marked hepatosteatosis and hypertriglyceridemia [23, 24] . In addition, FXR heterozygous mice demonstrated hepatosteatosis and hyperlipidemia following shorttime high-fat diet (HFD) feeding [25] . The TG lowering effects of endogenous and synthetic FXR agonists have been evaluated in other rodent models as well. For instance, CA prevented hepatic TG accumulation and VLDL secretion in KK-A(y) mice, a mouse model of hypertriglyceridemia [24] . Moreover, the synthetic FXR agonist GW4064 was able to prevent liver steatosis in obese mice, such as the ob/ob and db/db models [26] . At the molecular level, FXR controls TG metabolism by regulating hepatic de novo lipogenesis. The activation of FXR suppresses the expression of SREBP-1c [24] , a critical transcription factor that regulates hepatic TG synthesis by inducing key enzymes involved in lipogenesis, such as fatty acid synthase (FAS). The inhibition of SREBP-1c expression by FXR is mediated by a signaling cascade involving small heterodimer partner (SHP), which is able to blunt the action of liver X receptor (LXR) to induce SREBP-1c expression by interacting with liver receptor homologue 1 (LRH1) [27] . However, some studies have shown that transgenic mice with hepatic SHP overexpression developed liver steatosis due to the indirect activation of the peroxisome proliferator-activated receptor γ (PPARγ) and SREBP-1c genes [28] . The deletion of SHP ameliorated the TG accumulation in ob/ob mice [29, 30] , suggesting that the roles of SHP in hepatic TG metabolism are diverse and complicated. Whether SHP is required for the inhibitory roles of FXR on DNL remains to be determined in future studies. A recent study indicated that the activation of FXR induces hepatic carboxylesterase 1, which is essential for FXR-controlled lipid homeostasis [31] . In addition to the suppression of de novo lipogenesis, FXR activation modulates FFA oxidation and TG clearance. In human hepatocytes, FXR agonists were shown to induce the expression of PPARα and its target genes to promote FFA oxidation [32] [33] [34] . FXR activation also inhibits the expression of microsomal triglyceride transfer protein (MTTP) via SHP, which in turn suppresses the hepatocyte nuclear factor 4α (HNF4α) transactivation of the MTTP promoter, thus decreasing hepatic VLDL production [35, 36] . Moreover, FXR increases the activity of lipoprotein lipase (LPL) and promotes triglyceride hydrolysis by inducing APO CII expression [37] . Taken together, FXR activation reduces liver steatosis and hyperlipidemia by suppressing de novo lipogenesis and promoting TG oxidation and clearance ( Figure 1A) .
Given that obesity is closely associated with NAFLD, we speculate that FXR may be downregulated or dysfunctional in the livers of obese individuals. Indeed, we and others found that hepatic FXR expression is markedly reduced in obese animals and humans [25] . Mechanistic studies have further demonstrated that FXR is downregulated by the Yin Yang 1 (YY1) protein, which interrupts FXR gene transcription by binding to its first intron. In addition, we found that FXR was significantly downregulated in spontaneously aged mice [38] due to decreased HNF1α transcriptional activity by ER stress. Together, these studies suggest that FXR downregulation may play a causal role in obesity and aging-associated fatty liver ( Figure 1B) . Interestingly, FXR was also found to play an important role in the pathogenesis and progression of alcoholinduced hepatic TG retention. The FXR activity was functionally impaired by chronic ethanol ingestion in a murine model of alcoholic liver disease [39] . In addition, the activation of FXR by its specific agonists, WAY-362450 or INT747, rescued the Acta Pharmacologica Sinica npg FXR activity, thereby attenuating the ethanol-induced hepatic liver injury, steatosis and cholestasis [39, 40] . In addition, the activation of FXR was shown to protect against fructose-induced liver steatosis [41] , suggesting several diverse roles for FXR in 
FXR in hepatic glucose metabolism
A physiological role for FXR in hepatic carbohydrate metabolism has emerged in recent years as well. It has been demonstrated that the activation of FXR reduces hepatic gluconeogenesis, suppresses glycolysis and induces glycogen synthesis ( Figure 1A ). However, a group of in vitro studies focusing on the FXR regulation of gluconeogenic enzymes showed conflicting results. Some studies showed that BAs or the non-sterol FXR agonist GW4064 inhibit PEPCK and G6Pase expression in human hepatoma cells [42, 43] , while other studies demonstrated that the activation of FXR increases PEPCK expression and glucose output in primary hepatocytes [44, 45] . Notably, a cholic acid-enriched diet markedly reduced the fasting blood glucose, as well as the hepatic PEPCK and G6Pase mRNA levels, in wild-type but not in FXR or SHP deficient mice, reinforcing the hypothesis that the FXR-SHP regulatory pathway represses gluconeogenesis [46] . In support of this concept, the overexpression of SHP also reduces gluconeogenic gene expression. Moreover, GW4064 treatment or the delivery of adenoviral constitutively activated FXR reduced hyperglycemia by inhibiting PEPCK and G6Pase expression in db/db and KK-A(y) diabetic mice [26, 46] . At the molecular level, PEPCK and G6Pase are positively regulated by hepatocyte nuclear factor 4α (HNF4α), glucocorticoid receptor α (GRα) and forkhead transcription factor 1 (FOXO1) in cooperation with peroxisome proliferator receptor γ coactivator-1α (PGC1α). FXR-induced SHP expression in turn disrupts the interactions of PGC1α with the abovementioned transcription factors and subsequently leads to a decrease in gluconeogenesis [46] . In addition, FXR was shown to repress the glucose-induced transcription of several glycolytic genes, such as the liver-type pyruvate kinase gene (L-PK), by inhibiting the transcriptional activity of carbohydrate response element binding protein (ChREBP) [47] . Moreover, glycogen synthesis can also be promoted via the FXR-mediated induction of GSK3β phosphorylation in db/db mice [26] . Consistent with this, the hepatic glycogen content is reduced in FXR-deficient mice [48] . FXR also modulates insulin signaling. The activation of FXR by natural and synthetic FXR agonists or the overexpression of FXR reduces plasma glucose levels and improves insulin sensitivity in diabetic mice [26, 46, 49] . Conversely, the inactivation of FXR disrupts glucose homeostasis, which was observed via impaired glucose tolerance and reduced insulin sensitivity [26, 46, 49] . FXR-deficient mice displayed a peripheral insulin resistance, which was reflected by a decrease in the glucose disposal rate [46] . The molecular mechanisms underlying the peripheral insulin resistance in FXR-deficient mice remain largely unknown. They may be associated with the elevated circulating FFAs and increased TG content in the peripheral tissues. Recently, several studies have suggested that the FXRmediated insulin-sensitizing effect may partially involve the induction of fibroblast growth factor 19 (FGF19) and FGF21, two newly emerged metabolic cytokines [50, 51] . Given that adiponectin may mediate some of the metabolic effects of FGF21 on glucose homeostasis and insulin sensitivity [52] , further studies are still needed to investigate the relationship between FXR and adipokines, including adiponectin. Notably, a recent study showed that the effect of vertical sleeve gastrectomy (VSG) on the reduction of body weight and the improvement of glucose tolerance was significantly abolished in FXRdeficient mice, suggesting that FXR plays a crucial role in the beneficial effects of VSG [53] . In addition, emerging studies have revealed that FXR may also regulate glucose homeostasis in other metabolic tissues. For instance, the ablation of FXR in pancreatic β cells resulted in impaired insulin secretion. FXR-deficient mice also displayed a reduction in adipose tissue mass, lower serum leptin concentrations, and elevated plasma free fatty acid levels. Mouse embryonic fibroblasts derived from FXR-deficient mice exhibited impaired adipocyte differentiation, suggesting a direct role for FXR in adipogenesis. Consistent with this, GW4064 enhanced the insulin-stimulated glucose uptake in differentiated 3T3-L1 adipocytes [53] . In addition, FXR agonists also improved insulin resistance in the visceral preadipocytes of obese mice and rats [49, 54] . FXR promotes adipocyte differentiation via the upregulation of PPARγ and interrupts the Wnt/ beta-catenin pathways [55, 56] . In other words, FXR also plays an important role in the regulation of adipogenesis and insulin signaling.
FXR agonist development
BAs are capable of activating FXR to different extents due to their different structural modifications. Semi-synthetic and synthetic molecules with more affinity and specificity to FXR have also been developed. GW4064 was one of the first synthetic non-steroidal FXR agonists to be developed. It has been well-established that GW4064 markedly reduces hepatic lipid accumulation and improves dyslipidemia in genetically obese mouse models, such as ob/ob, db/db and KK-Ay mice, via SHP and SREBP-1c [57, 58] . GW4064 also attenuates hepatosteatosis in high-fat-diet-induced mice by repressing the lipid transporter gene CD36 [59] . GW4064 potently improves both hyperglycemia and hyperinsulinemia, as well as increasing hepatic glycogen storage in diabetic mice [26] . GW4064 is also considered to be a modulator of multiple G protein-coupled receptors.
Unlike the FXR agonist GW4064, WAY-362450 offers improved oral bioavailability for mice and rats [60] . The oral administration of WAY-362450 significantly lowered the serum TG and cholesterol levels and resulted in a significant reduction in aortic arch lesions in low-density lipoprotein receptor (LDLR)-deficient mice. Additionally, the serum TG and cholesterol levels were reduced by WAY-362450 in a dose dependent manner in diabetic mice (KK-Ay and db/db mice) and in fructose/cholesterol-fed rats [61] . WAY-362450 also significantly reduces the serum liver enzyme levels and decreases hepatic inflammation and fibrosis, as evidenced by the reduction of inflammatory cell infiltration and the hepatic gene expression of fibrosis markers [62] . However, WAY-362450 has not shown a positive impact on hepatic TG accumulation, which may limit its roles in the control of NAFLD. [63] [64] [65] . INT747 can improve hyperglycemia and glucose tolerance by enhancing insulin signaling and suppressing hepatic gluconeogenesis [64, 66] . INT747 also exerts anti-inflammatory and anti-fibrotic effects in the liver by suppressing nuclear factor (NF)-κB and subsequent hepatic satellite cell activation [66, 67] . In addition, INT747 has exhibited promising results in a phase IIa clinical trial in T2DM patients with NAFLD. The administration of 25 or 50 mg of INT747 for 6 weeks not only improved liver enzyme and lipid accumulation but also reduced markers of liver inflammation and fibrosis. Additionally, an increase in hepatic and peripheral glucose uptake was observed during hyperinsulinemic euglycemic clamp tests.
Conclusion
FXR plays a crucial beneficial role in hepatic triglyceride homeostasis, as well as in glucose metabolism and the regulation of bile acid homeostasis. FXR can lower hepatic TG content and serum TG levels and improve insulin resistance and hyperglycemia. Therefore, FXR agonists are promising for the treatment of NAFLD, dyslipidemia and type 2 diabetes.
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